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INTRODUCTION

41
Pseudomonas aeruginosa is a bacterium frequently found in the environment and often associated 42 with human infections in clinical settings. This species displays an important genome plasticity due 43 in large part to horizontal gene transfer of genomic islands and mobile elements, but also to de novo 44 mutations (Spencer et al., 2003) . Bacteriophages are key actors in diversification of P. aeruginosa 45 by selecting for resistant mutants, and in turn adapting to new bacterial genotypes in a coevolution was observed, but the authors were not able at that time to identify the genetic changes that 85 conferred the heritable cross-resistance. 86 We wished to go further in the analysis of phage-driven P. aeruginosa evolution and investigated 87 the mechanisms by which P. aeruginosa survives infection by one or a mixture of virulent 88 bacteriophages belonging to different genera. We characterized mutations selected by phages and 89 showed that maintenance of phage DNA in pseudolysogens over many colony-purification steps 90 was a major factor in allowing selection of additional mutations.
91
METHODS
92
Bacterial strains and phages. A single colony of P. aeruginosa PAO1, a reference strain 93 originating from a patient (Stover et al., 2000) and propagated in the laboratory for several years, 94 was cultivated for storage at -80°C and for genome extraction and sequencing. This representative, 95 thereafter called PAO1 Or (where Or stands for Orsay), was used to isolate phage-resistant mutants.
96
Two podoviruses, vB_PaeP_PAO1_Ab05 (Ab05) and vB_PaeP_C2-10_Ab09 (Ab09), and two 97 myoviruses, vB_PaeM_PAO1_Ab17 (Ab17) and vB_PaeM_PAO1_Ab27 (Ab27) representing four 98 different genera were used in this study, alone, or combining a podovirus with a myovirus, or in a 99 cocktail of all four phages. These phages, isolated in Abidjan (Côte d'Ivoire), have been described 100 in detail in (Essoh et al., 2015) . PAO1 LPS and type IV pilus transposon mutants were obtained [pH 8.0]) were 111 used in negative controls. The mixture was kept for 15 min at room temperature (RT), before being 112 poured on a fresh LB agar plate (1.5% wt/vol agar) with 4 ml of soft agar (0.7% wt/vol agar) and 113 incubated at 37°C for 3 days. Because no stable resistant variants were obtained with the solid assay 114 for phage Ab27, alone or associated with Ab05, liquid infection was also performed when using 115 Ab27. Bacteria were infected during the log phase (A 600 of 0.6) at an MOI of 0.001 each 24 h for a 116 total of three infections. Thereafter the surviving bacteria were plated onto LB agar plates.
117
Calculation of the frequency of resistance. An overnight culture of P. aeruginosa PAO1 Or was 118 used to inoculate fresh medium to an A 600 of 0.1. Bacterial cultures in the late log phase (A 600 of 119 about 1, equivalent to 10 9 bacteria per ml, determined by titrating the bacteria), were 10-fold 120 serially diluted. One hundred µl of each dilution were mixed with 10 µl (about 10 6 PFU) of a single 121 phage suspension or a mixture of two or four phages as described above. The samples were kept for 122 15 min at RT and then poured on fresh LB agar plates using 4 ml of soft agar. Plates were inverted 123 and incubated at 37°C for 24 h. The frequency of resistance was calculated considering that all the 124 colonies growing on the plates after 24 h of incubation were resistant to phages used for the 125 infection. The divisor was the number of plated bacteria.
126
Phage susceptibility assay. Aliquots (500 µl) from the liquid culture of variants (A 600 of 0.8 to 1.2) 127 were mixed with 6 ml of 0.7% wt/vol LB agar and poured onto a square LB 1.5% wt/vol agar plate. ) from a progenitor stock of each phage were spotted 129 (10 µl) onto the soft agar layer, incubated at 37°C overnight, and inspected for plaque formation.
130
The resistance of the mutants against the phage was expressed as EOP (efficiency of plating) using 131 PAO1 Or as a control. Sheep blood (5% wt/vol) agar, and plates were incubated for 24 h at 37°C. For twitching motility 149 assessment, one µl of an overnight bacterial culture (A 600 of 2) was inoculated between the agar and 150 the plastic surface of LB 1.5% wt/vol agar plates. The diameter of the motility zone around the 151 inoculation site was measured after 24 h incubation at 37°C. Lipopolysaccharides (LPS) were 152 purified using the method of Hitchcock and Brown (Hitchcock & Brown, 1983) . In order to 153 normalize the samples for the subsequent gel analysis, a similar amount of lyophilized bacteria was 154 disrupted in lysis buffer (Tris 1M, 2% SDS, 4% β-mercaptoethanol and 10% glycerol), prior to LPS 155 extraction. The LPS were resolved by electrophoresis on a 15% SDS-polyacrylamide gel, and the 156 band pattern was visualized using the silver staining method (Fomsgaard et al., 1990) .
157
Biofilm formation. 96-wells microtiter plates (Greiner) containing LB were inoculated with an 
175
DNA extraction, PCR and sequencing. PCR was performed on thermolysates or purified DNA 176 using oligonucleotides listed in Table S1 . Thermolysates were produced by diluting 10 µl of for 2 h at 50°C, followed by one phenol and one chloroform 180 extraction, and ethanol precipitation. The isolates were verified for contamination from other P. were also screened for the presence of phage DNA by PCR performed on thermolysates using the 184 specific phage oligonucleotides listed in Table S1 .
185
Gene cloning and expression. PCR amplicons were cloned into the pUCP24 plasmid, a generous 186 gift of Dr. Schweizer (West et al., 1994) . This is a shuttle vector which replicates in E. coli 
213
De novo assembly of phage reads was done with GeneiousR9 native assembler using the Medium-
214
Low Sensitivity/Fast parameter.
215
Nucleotide sequence accession number. 
RESULTS
220
Phage-tolerant bacteria show a variety of phenotypes and phage susceptibility patterns.
221
Our goal was to evaluate the frequency and diversity of PAO1 Or mutants emerging from infection 222 with phages belonging to different genera, used alone or in cocktails. We hypothesized that each purified by three re-isolation steps, in order to ensure that a pure population was obtained. A single 241 colony was recovered after the third re-isolation step (P3) and used to inoculate an overnight culture 242 which was then stored at -80°C in glycerol. This stock was later used for genomic DNA purification
243
and to perform further tests (Fig. 1a) . 
250
In total, thirty-two PAO1 Or variants were retained and tentatively distributed into five groups 251 according to their phage susceptibility pattern, evaluated by the efficiency of plating (Table 1 and 252 Table S2 ). assembly of the full genome and identification of differences ( Fig. S3 and Table S3 ). These and 63 SNPs or short indels events. As expected, some of these differences, including the inversion 291 and the Pf1 prophage plus a number of the SNPs and indels were previously reported by 292 Klockgether et al. (Klockgether et al., 2010) . Others were specific to the PAO1 Or sub line.
293
The sequencing reads from each of the 23 whole-genome sequenced phage-tolerant variants were this allowed to find a frameshift mutation in the mucA gene. significantly reduced in all variants, but the strongest effect was observed with those bearing a 339 mutation in Pil genes and/or resisting Ab05 infection (Fig. 3) . PAO1-32 and PAO1-34 were also 340 affected in twitching although no Pil mutations could be observed, but this was likely related to a accompanied by a decrease in biofilm formation, except for PAO1-20 and PAO1-06 (Fig. 4) . This classical equilibrium between phage production and bacteria predation (Table 3) .
406
Continuous evolution of bacteria from pseudolysogens
407
A mixture of bacterial WT and mutant reads was clearly observed in PAO1-17, -22, -24, -26, -33, -408 37, after three purification steps, always accompanied by phage DNA (Table 2) to resist all four phages whereas the PAO1-24 progenitor was susceptible to both Ab09 and Ab17
428
( Table 1 ). The original pilR mutation in PAO1-24 (Table 2) sequencing profile showed the superimposition of a wild type and mutated profile (Fig. S5b) .
433
PAO1-25_1 and PAO1-36_1, devoid of Ab05,were sequenced, and mutations were found in pilR, 434 and in wzy and pilC, respectively. All the new mutations were confirmed by Sanger sequencing of 435 the PCR amplification products.
436
Colony re-isolation was also performed for the three pseudolysogens for which no chromosomal 437 mutation could be observed, PAO1-30 (Ab05 infection), -32, -34 (Ab05 and Ab27 co-infection)
438
( showing a substitution of a T by a G causing a threonine to proline mutation ( variants possessed mutations in one of the pilus type IV assembly genes, and, as expected, the 448 ability of phages to adsorb on their surface (Fig. S6 ) and the twitching motility of these variants
449
were defective when compared to the control PAO1 Or (Fig. S7) .
450
DISCUSSION
451
Pseudolysogeny is a major factor in selection of mutants whereas cells in direct contact with the agar medium would be in a rich medium context.
465
We observe that pseudolysogeny is established in a situation when the large majority of bacteria has 466 been lysed and high amounts of phages are present, thus resembling the LIN control observed in T4.
467
We propose a model in which a pseudolysogenic cell, which may contain more than 100 phage 468 genome copies according to the phage burst size, forms, after several rounds of division, a colony 469 containing bacteria cured of the phage and bacteria in which the phage lytic cycle is resumed,
470
producing new phages (Fig. 7) . The cured bacteria become prey for further amplification and relationships can be seen as not merely parasitic but as mutualistic (Williams, 2013) .
510
Cross-resistance and reversibility of mutants 511 We showed that mutations selected by phages were often frameshift mutations known as phase 512 variation (Henderson et al., 1999) . Frameshift mutations, due to variation in poly(A), poly(G), or 513 poly(T) stretches have been described in several bacterial genes as an adaptation mechanism to 514 different environmental conditions, and are reversible when the selective pressure is no longer 515 applied (Segura et al., 2004) . Natural mutations of mucA observed in strains isolated from cystic 516 fibrosis patients were phase variation mutations (Spencer et al., 2003) , or other frameshift mutations 517 (Pulcrano et al., 2012) , also resulting in truncated proteins as seen in PAO1-02. single strain (Zierdt & Schmidt, 1964) .
528
The different assays show that, depending on the bacteriophage used, the selected mutants, obtained 
541
A total of 25 components are involved in the type IV pilus biogenesis (Kim et al., 2006 Table 4 Phage-tolerance pattern and mutations in secondary isolated variants. side. In red is circled the colony that was chosen and replated at each re-isolation step (in this case 773 from P3 0 to P3 4 ) because of its ability to release phage-particles and lyse PAO1 Or ). 
